In heavy element synthesis, the population surviving quasi-fission and fusion-fission is far out in the tail of the distribution of reaction outcome probabilities, and should be sensitive to slight changes in the reaction conditions. Because of the extremely low yields of very heavy elements, it is difficult to make detailed and systematic experimental studies. However, studies of less-fissile systems can give valuable information relevant to the formation of super-heavy elements. Measurements made at the ANU, Canberra, to study the influence of entrance-channel properties on the subsequent reaction dynamics are presented. New and surprising data show that the entrancechannel mass-asymmetry plays a role in the compound nucleus formation probability, even when forming a nucleus as light as 216 Ra. The influence of different physical configurations, related to different contact barrier energies, on superheavy element formation is discussed.
Introduction
In planning experiments aimed at heavy element synthesis, prediction of absolute cross sections without extrapolation from nearby experimental cross sections is very challenging. This is due to the extreme complexity of the process, and the very low probability of evaporation residue (ER) formation. In the distribution of reaction outcome probabilities, the population surviving the competing quasi-fission and fusion-fission processes is far out in the tail, and thus would be expected to be extremely sensitive to slight changes in the reaction conditions. Because of the very low yields, it is difficult and time-consuming to make detailed and systematic experimental studies for the reactions actually leading to very heavy, or super-heavy nuclei. However, such studies for reactions forming less fissile nuclei are more feasible, and can give valuable information on the dynamical processes occurring during the fusion of two nuclei, which will also be relevant to reactions forming super-heavy elements.
The calculation of the cross section for formation of a superheavy element can conceptually be divided into three parts. In reality these are not independent of each other, but are still sufficiently distinct to constitute a useful framework for discussion. Firstly, the cross section for contact of the two colliding nuclei must be determined. Contact may be defined as a configuration where complex nuclear reactions between the two nuclei become highly probable. For light systems, this is at a radius inside the peak in the potential barrier (capture barrier, or fusion barrier), and automatically leads to a compact compound nucleus. For collisions of heavier nuclei, this must be multiplied by the probability (less than unity) of reaching a compact shape inside the unconditional fission barrier. Those collisions which do not achieve this compact shape contribute to the quasi-fission or deep-inelastic yield. For those composite nuclei achieving a compact shape, the yield of the evaporation residues is determined by the probability of surviving fission decay from this compact configuration. The identity of the nuclei reaching the compact shape will be dependent on particle evaporation during the dynamical phase. Thus the evaporation residue (ER) formation cross section may be written:
where σcontact(E * , l, EC) is the cross section for capture, for excitation energy E * of the heavy nucleus with angular momentum lh, and in general depends on specific entrance channel (EC) conditions. Pcompact(E * , l, EC) is the probability of passing to a compact shape, and Psurv(E * , l) = [1 − Pfis(E * , l)] is the survival probability against fission from the compact shape. It is re-emphasised that in reality, the nucleus will cool by evaporation during the transition to the compact shape, so the latter two factors are not independent. Pcompact(E * , l, EC) is complementary to the probability of quasi-fission PQF(E * , l, EC), namely Pcompact + PQF = 1. To maximise the heavy nucleus survival cross section, the product of all three factors must be maximised. As will be discussed in detail, the physical processes associated with the entrance channel can make it impossible to simultaneously maximise all three factors individually, thus the choice of reaction is in practice a trade-off of one factor against the other. This can be seen in the similar yields of heavy elements in cold fusion 1 and hot fusion 2, 3 reactions. Specific entrance channel effects will be discussed in the next sections.
Contact of Two Nuclei

Entrance Channel Barrier Distribution.
It is by now well-established that in collisions of heavy nuclei, there is not a single potential barrier, but a distribution of barrier energies, 4 where D(E) is defined as the probability of encountering a barrier of energy E, and can be determined directly from experimental capture cross sections closely-spaced in energy. 5, 6 The distribution can be understood classically in the case of statically-deformed nuclei, where different orientations of the deformation axis with respect to the incident projectile result in potential barriers at different radii, and thus energy. 6 Stronglycoupled collective vibrations (quadrupole 7 and octupole 8 ), and multi-nucleon transfer, can also give rise to broad barrier distributions. Typically, the width of the barrier distribution is between 5% and 10% of the mean barrier energy. 9 Although these different barriers affect all reaction processes, here we are particularly interested in capture (or fusion, for lighter systems).
For systems light enough that quasi-fission is not present, all the nuclei which pass inside the potential barrier(s) lead to an equilibrated compound nucleus. It is possible to identify the sum of the fission and evaporation residue yields with passage inside the capture barrier(s), and thus the term fusion barrier distribution is appropriate in this regime. For heavier systems, though the two nuclei may be captured inside the potential barrier, they are likely to re-separate after energy damping and mass-exchange (deep inelastic or quasi-fission processes). In Hinde such cases, the entrance-channel model describes the capture cross sections, and so we refer to the capture barrier distribution. It is important to appreciate that entrance channel models should not be compared with evaporation residue yields in such cases, since the capture cross section is only one of the factors in eq 1 which defines the ER cross sections. Similarly, a dynamical model describing the probability of passing to the compact configuration, but neglecting the dynamics in the entrance channel may also result in misleading conclusions.
The presence of the wide capture barrier distributions which necessarily occur during the collision of two heavy nuclei (due to the high charge product), should constitute a significant element in interpretations or predictions of cross sections for reactions forming super-heavy nuclei. In general, reactions at energies below the uncoupled potential barrier occur not through tunneling through that barrier, but by passage over a lower barrier, which is encountered with a probability defined by the barrier distribution. In the language of Myers and Swiatecki, 10 those collisions which actually lead to very heavy nuclei are almost certainly "unshielded", the capture barrier having been below the bombarding energy. The fact that there is almost no potential pocket for the uncoupled barrier will surely influence the extent and probability of finding barriers at energies lower than the uncoupled barrier, but lower barriers will exist. To maximise ER cross sections, not only should the weights (probabilities) of these lower barriers be maximal, but the elongation of the composite nucleus at contact, after passing the potential barrier, should be as small as possible. The latter point is illustrated below from experimental measurements.
Dependence of Quasi-fission Competition on Contact Configuration
3.1. Quasi-fission Measurements. Generally, different potential barriers correspond to different conditions or configurations of the two nuclei at the capture barrier radius. The question then arises, does the configuration at the capture barrier radius influence the outcome of the reaction? If an equilibrated compound nucleus is always formed, according to Bohr's independence hypothesis, the answer should be no. If this is not the case, as in quasi-fission, some influence could in general be expected. From the discussion of eq 1, it may seem that there are two complementary methods of experimentally investigating this question, which should give the same information. The first is to look for changes in the fission properties indicating the presence of quasi-fission, whilst the second is to investigate inhibition of the evaporation residue yields. The situation is not quite so simple, however, since the general dependence of the fission process on angular momentum could result in quasi-fission competing with fusion at high angular momenta, resulting only in suppression of fusion-fission, but not affecting the evaporation residue yields which arise from the lower angular momenta. This question will be addressed in sect. 4.3 and 4.4.
A number of experimental studies have been made which have been interpreted as showing that, for a given reaction, the quasi-fission probability depends on the conditions at the capture barrier. The first such data interpreted in this way was for the reaction 16 O + 238 U, where the fission anisotropy was observed to rise dramatically as the beam energy fell through the capture barrier region, which can be seen by comparing Figure 1(a) and (c). In that work, it was proposed that fusion at the lowest beam energies, which results exclusively from the projectile approaching the tips of the prolate deformed target nuclei, leads preferentially to quasi-fission. Qualitatively, this picture could explain the trend of the data. There was also a small asymmetry in the fission mass-distribution, which became more pronounced at the same beam energy as the change in the anisotropy, as shown in Figure 1(b) .
The hypothesis that PQF(E * , l, EC) depends on the orientation of the heavy deformed nucleus as the projectile reaches the capture barrier could be specific to heavy nuclei with a large static deformation. Alternatively, it could be a reflection of universal behaviour in heavy nucleus-nucleus collisions, in which low capture barriers (which are generally associated with large barrier radii) could always result in enhanced quasi-fission, with concomitant suppression of fusion.
To investigate this important question, a comparison of two reactions already known 11, 12 to have substantial quasi-fission probabilities was made. The two reactions compared were 32 232 Th is prolate deformed). Recent measurements at the Australian National University (ANU) mapped out the detailed behaviour of the fission properties across the capture barrier energy region. Figure 2 shows the capture barrier distributions, the centroids of the fission mass distributions measured at a back- ward angle, and the anisotropies as a function of beam energy for each reaction. In both cases, the anisotropies calculated assuming fusion-fission using the transition state model (labeled TSM) are small, whether the width of the barrier distribution is included (full lines) or not (dashed lines). These anisotropies are small because the calculated saddle-point shapes are very compact for such fissile compound nuclei, allowing fission far from the plane normal to the angular momentum vector.
For both reactions, the measured anisotropies A lie well above the calculations, indicating that the fission occurs close to the plane normal to the angular momentum vector. This implies that compact shapes are not generally reached in these reactions, consistent with previous conclusions 11, 12 that quasi-fission predominates. The energy dependence of A for the two reactions is, however, very different. For 32 S + 232 Th, A rises as the energy falls below the average fusion barrier energy, as observed for lighter projectiles incident on deformed heavy targets, for example 16 Figure 1(b) ), the energy dependence of the shape of the fission mass-distributions for 32 S + 232 Th shows marked changes in shape and centroid, as demonstrated in Figure 2 (e). For 32 S + 208 Pb, however, the anisotropy falls monotonically with decreasing energy, and the mass-distributions show essentially no change in shape or centroid, unlike those for the 232 Th target. Thus there is no indication in the 32 S + 208 Pb data of a significant change in the character or probability of quasi-fission which is dependent on the energy of the barrier encountered, unlike reactions with statically deformed heavy nuclei. This is most likely correlated with the high frequency of the vibrational excitations of 208 Pb, as opposed to the low frequency associated with collective rotational excitations of 232 Th.
In reactions involving heavy statically deformed nuclei, the configuration found at the capture barrier is likely to remain essentially unchanged up to the time the two nuclei start to merge together, and so influences the subsequent fission dynamics. For vibrational nuclei, a configuration resulting in a low energy fusion barrier will not necessarily translate into an elongated composite nucleus, due to the high frequency of the collective vibrational modes.
Dependence of Evaporation Residue Yield on Contact Configuration.
The energy dependence of the fission behaviour in the two 32 S-induced reactions discussed above thus indicates a specific influence of static deformation of the system before contact on the subsequent reaction dynamics. A general increase in quasi-fission associated with contact barriers with larger radii (lower energy) than average is not indicated. The data do support the hypothesis originally developed to explain the anisotropies for the 16 O + 238 U reaction. At that time, it was suggested that the orientation-dependence of the quasi-fission probability would lead to suppression of evaporation residue yields at sub-barrier energies, whilst it may lead to enhancement at above-barrier energies. In terms of eq 1, this occurs because the orientation-dependence of the quasifission probability also defines the complementary probability 10 MeV of the calculated fusion barrier distribution, corresponding only to those collisions where the projectile makes contact with the tip of the target nuclei. This result, complementary to studies of fission properties in the same low energy regime, is consistent with the above picture of orientation-dependent quasi-fission.
Dependence of Quasi-fission on Entrance Channel Mass-asymmetry
It has long been recognised that the probability of quasifission depends on the entrance-channel mass-asymmetry. A number of comparative measurements, where the same compound nucleus has been formed with different pairs of projectile and target nuclei, have shown 19, 20 that for the reaction with the more symmetric entrance-channel masses, the fission properties show signatures characteristic of quasi-fission (for example, broader mass distributions). 30 Si + 186 W. The evaporation residue (ER) cross sections were measured, as well as the fission cross sections and properties. Although the fission may previously have been expected in such reactions to result only from fusion-fission, in principle it also includes contributions from the quasi-fission process (if present) in which no evaporation residues are produced. Measurements were made at ten or more beam energies, from the Coulomb barrier upwards for each reaction. The energies were chosen such that the 216 Ra nuclei were formed at the same excitation energy in the three reactions.
Hinde
The 14UD tandem electrostatic accelerator at the ANU provided pulsed beams which bombarded thin isotopically enriched targets. The 204 Pb target was enriched to 99.7%, which was confirmed by the absence of α lines from the lighter Pb isotopes. To determine the cross sections for ERs, aluminum catcher foils were placed immediately behind the target to stop the ERs. 22 The catcher foils were 1.5-2.5 times thicker than the average range of the ERs for each reaction. All the ERs undergo subsequent α decay from their ground-states, with lifetimes from 1.9 s to 3.5 h. The α particles resulting from the decay were detected in an annular solid-state detector as shown in Figure 3(a) . Repeat measurements for the 30 Si reaction with a thicker catcher gave the same cross sections, confirming that all ERs were stopped. Measurements were made both during and after irradiation. Together with the use of a sophisticated peak-fitting program, this allowed determination of the individual yields of almost all evaporation channels Measurements of fission were carried out in separate experiments, the two fission fragments being detected in two large area, position-sensitive multi-wire proportional counters arranged as shown in Figure 3 Experimental configurations for the two types of measurement and typical measured spectra. (a) A schematic diagram of the configuration of the ER measurements with a typical α-particle energy spectrum from the annular α-particle detector, and the fit to the spectrum (full lines). This spectrum shows that the α particles from Ra can be very clearly identified. (b) Configuration for the fission measurements, with three normalized mass spectra (defined as the mass of one fragment divided by the total mass) measured for fission of 216 Ra at the same excitation energy in the three reactions. The peak for elastic scattering of 58 Ni from 197 Au shows the good experimental resolution.
a single measurement. The coincident detection of both fragments allowed the determination of the fission fragment massratio through reconstruction of the velocity ratio. 14 In both ER and fission measurements, cross sections were determined by normalizing to the yields of elastically scattered beam particles measured in monitor detectors located at ±22.5
• . It was essential that reliable absolute cross sections were obtained in order to make meaningful comparisons between reactions. This could be achieved, without requiring determination of transmission efficiencies through a complex apparatus, because the cross sections were sufficiently large that the ERs could be identified when stopped at the target location. Thus accurate absolute detector normalisation could be obtained simply by measuring elastic scattering both in the monitor detectors and in the α-particle and fission detectors, at low beam energies where the elastic scattering cross sections will be Rutherford. The individual ERs, identified by their decay α-particle energies and lifetimes, were mainly Ra isotopes, formed after the emission of x = 3, 4, 5, ... neutrons.
Experimental Results for 216 Ra.
The ratio of the yield of a given xn channel to the total xn cross section was determined at each energy for the three reactions, the results being shown in Figure 4 , as a function of excitation energy in 216 Ra. Bohr's independence hypothesis 23 states that compound nuclei with the same excitation energy and angular momentum will decay independently of their method of formation. The data show that for the ER, this is the case, the peak in the ER yield for each isotope occurring at a value of E * essentially independent of the reaction. This confirms that the actual excitation energies of the 216 Ra nuclei formed in the three reactions are indeed essentially the same, and that pre-equilibrium neutron emission is not significant, as expected at low beam energies.
The sum of the fission and ER cross sections defines the capture cross section. Both are shown, for all three reactions, in Figure 5 and Figure 7 of ERs to the capture cross sections decreases as the projectile becomes heavier. Calculations using nuclear potential parameters consistent with many other reactions, 9 and coupling parameters from the known properties of the collective modes in each nucleus, reproduced the present capture cross sections and barrier distributions D(E) for the three reactions, typically to within 2%, indicating that the three systems behave as expected. These calculations are shown by the lines in Figure 5 . From these calculations, the capture angular momentum distributions were obtained for each beam energy, for the three reactions. As the beam energy increases, the projectile can bring in higher angular momenta lh. As the height of the fission barrier falls proportional to l 2 , this leads to the observed rapid fall in the ER probability. Fitting these data with a statistical decay simulation shows that the fission probability exceeds 98% at l = 30. This restricts ER survival to low l values, allowing a simple and essentially model-independent comparison of the measured ER yields for the three reactions, which is described below.
4.3. Reduced ER cross sectionsσER. At a given beam energy E, the total ER cross section is the sum of the cross sections from each l, these being the products of the capture cross sections and the probabilities of surviving fission (1 − Pf (l, E * )). Initially it is assumed that Pf (l, E * ) is independent of the entrance channel. Thus
where T l (E) is the probability of capture for l, and λ is the reduced deBroglie wavelength, determined by the beam momentum. Division by πλ 2 gives the reduced cross sectionσER. Although the coupled-channels capture models can reliably predict T l (E), reliance on a particular calculation can be eliminated. This is because all such models show that at beam energies sufficiently high above the Coulomb barrier, T l (E) is essentially unity for all l which lead to ERs. At these energies T l (E) can be dropped, giving
Thus at the same E * , the three reactions should give the samẽ σER, as long as Pf (l, E * ) is independent of the reaction, in accordance with Bohr's hypothesis. Monte Carlo statistical model calculations 24 (using T l (E) from the coupled channels calculations which reproduced the measured capture cross sections) indeed show this behaviour, as illustrated in Figure 6(a) , where the three lines corresponding to each reaction converge when all reactions fully populate the angular momenta leading to ERs (T l (E) = 1 for all l below 30). By comparison, the experimental ER data do not converge, but show a systematic difference for each reaction, with the yield of ERs being largest for the light- Hinde est projectile. The yields could be affected by the recognized phenomenon of breakup of the lighter projectiles into α-particle clusters, 25 leading at high l to incomplete fusion, resulting in increased ER formation rather than fission. Contributions from incomplete fusion can be eliminated by summing the yields for Ra isotopes alone, which can only be formed when all the protons in the projectile are captured. These yields, plotted in Figure 6 (b), still show a strong dependence on projectile mass, those for 19 F and 30 Si being respectively 0.64 ± 0.09 and 0.57 ± 0.08 of those for 12 C at the two highest energies. This cannot be explained by the low values of T l (E), since the measured capture cross sections for all three reactions can only be reproduced with T l (E) values close to unity. The only reasonable conclusion is that either Pf (l, E * ) depends on the reaction, in disagreement with Bohr's hypothesis, or that fission is not all from the fully equilibrated compound nucleus. Then the right hand side of eq 2 must be multiplied by the probability of passing from the contact to the compact shape, as in eq 1, allowing for inhibition of true fusion for the heavier projectiles. Fusion with light projectiles (such as 19 F) has previously implicitly been assumed to proceed without any inhibition. We believe that this is the first observation of fusion inhibition for such a light projectile. heavy nuclei, there should be evidence for quasi-fission in the fission mass-distributions, since quasi-fission is expected to have a broader mass-distribution than fusion-fission. The width of the fusion-fission mass-distribution depends principally on excitation energy, but may depend slightly on angular momentum. However, if the 216 Ra compound nuclei formed at the same E * in different reactions have the same angular momentum distributions, then according to Bohr's hypothesis, the fission massdistributions should be identical. The angular momentum distributions can be reliably predicted 26, 27 by the coupled-channels calculations that reproduce the capture cross sections.
9 Figure 7(a) shows the dependence of the deduced mean l 2 on E * . This demonstrates that the 12 C reaction matches the 30 Si reaction at one energy, and approaches the 19 F reaction at the highest energy. Qualitatively this must happen, as the heavier projectiles have a higher threshold E * for capture, but carry more angular momentum than 12 C. The measured variances of the fission mass-distributions for the three systems, presented in Figure 7(b) , do not match at any energy, but rather show a systematic dependence on projectile mass, as well as the expected increase with E * . This result is consistent with the observed inhibition of fusion for the heavier projectiles, indicating an increasing contribution from the quasi-fission process, in which no ERs are produced, and for which full mass-equilibration is not expected, leading to wider mass-distributions for the reactions with heavier projectiles.
Having found convincing evidence for quasi-fission in the fission mass-distributions, as well as inhibition of fusion, we conclude that the combined results indicate that quasi-fission is not only competing with fusion-fission at high angular momenta, but is also competing at the low angular momenta leading to ERs. cleus (fusion). Alternatively, it may gain mass from the heavier nucleus, and the system will approach the entrance channel configurations of more and more mass-symmetric collisions. Although it may still fuse from these configurations, passing inside the unconditional saddle-point deformation, the system may also separate, leading to quasi-fission.
Interpretation in terms of
Though this seems qualitatively to be a reasonable interpretation, we must consider an alternative explanation, related to the orientation dependent quasi-fission picture described above for statically deformed nuclei, where increased elongation of the system at contact increases the quasi-fission probability. 204 Pb is essentially spherical, and the small oblate deformation of 197 Fusion and quasi-fission competition has previously been discussed in terms of the dependence of the calculated heights of the mass-asymmetric fission barriers, [28] [29] [30] or in terms of the mass-asymmetry dependence of the energy of the contact configurations. 31 In Figure 8 the conditional fission barrier energies (interpolated from calculations of Reference 32) for 216 Ra are shown as a function of the mass-asymmetry. The projectile will tend to be absorbed if the mass-asymmetry is to the right of the peak, whilst if to the left, it will preferentially gain mass. The three reactions studied span the peak, with only the 12 C reaction on the side favouring rapid compound nucleus formation. It may seem surprising initially that the calculated potential energies for the fission shapes appear to agree so well with the experimental data, as the potential maximum for the contact shapes (which are less elongated than the conditional fission saddle-point shapes) occurs at smaller asymmetries. However, after contact, the development of a neck between the two nuclei causes the potential maximum to shift back to larger asymmetry, 33 similar to that found for the saddle-point shapes. Our results are consistent with the mass-asymmetry being a crucial variable determining the dynamics of these reactions, though of course the dynamics will not only depend on the the potential energy surface, but also on the dissipation and inertia tensors. A quantitative understanding of the effect of mass-asymmetry, and other important variables such as the deformation of the symmetric fission barrier and the elongation of the system at contact, 14 will require further experimental and theoretical studies. To describe theoretically the complex fusion dynamics after capture, multi-dimensional models 31, 34, 35 are being developed. Their future application to fusion reactions leading to new super-heavy elements promises insights into possible advantages of using short-lived neutronrich nuclei, for which extensive experimental surveys will not be practicable.
Conclusions
A large static deformation of the heavy partner in a nuclear collision has been demonstrated to affect the probability of quasi-fission. Experimental data indicate that collisions at the lowest beam energies that result in contact between projectile and target favour quasi-fission, and thus must inhibit true fusion. This is related to the elongation of the combined system, and the low frequency of the collective rotational motion which is induced. In contrast, collisions involving heavy spherical nuclei show no evidence of enhancement of quasi-fission at low beam energies, which is argued to be due to the high frequencies of the collective vibrations excited during the collision.
The comprehensive data set obtained for three massasymmetric reactions leading to the compound nucleus 216 Ra indicates that the mass-asymmetry affects the probability of quasifission already for extremely asymmetric reactions ( 19 F + 197 Au), even at low angular momenta. These experimental results provide a quantitative test of the physics incorporated in theoretical models of ER formation, through focusing on the boundary between the simple fusion process envisaged by Bohr, and the complex and delicate dynamical process required to coax two heavy nuclei together.
